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Abstract
The concentrations of twenty metal elements in seawater and in plankton around
the recently erupted submarine volcano Tagoro just South of the island El Hierro
(Canary Islands, Spain) were investigated in order to assess their potential haz-
ard to the marine environment. Samples of the seawater and the plankton were
collected from 2013 to 2016 during the Vulcano and Vulcana monitoring cruises,
using a rosette with Niskin bottles and a WP2 net (200 µm mesh size). Signifi-
cantly higher concentrations of many metals were found in both the seawater and
the plankton around the volcano compared to reference stations. The amount of
metals emitted by the volcano appeared to be decreasing over the years follow-
ing the eruption in 2011-2012, which greatly reduced the biomass of the plankton
living in the area of influence of the volcano. In 2013 the metal concentrations
found in the plankton living in the area were very high, but a decrease in concen-
trations was found towards 2016. Around the volcano the metal concentrations in
the plankton were significantly higher than at the reference stations, just like in the
seawater, except for 2016, which showed significantly lower concentrations. The
increase in metal concentrations due to the volcano was comparable to increases
in concentrations due to anthropogenic pollution in other studies. The decrease
in concentrations in 2016 could be attributed to the strong increase in biomass of
the plankton, induced by the large amounts of nutrients and Fe(II) emitted by the
volcano. It is most likely that the high concentrations of toxic metals caused DNA
damage in the plankton and that these metals were tranferred up in the foodchain.
But as the concentrations have diminished greatly, they do not seem to pose a haz-
ard anymore in 2016. It appears that the ecosystem, after being strongly damaged
and intoxicated by metals from the volcano, was able to recover using elements
emitted by the same volcano.
Chapter 1
Introduction
1.1 Background
In the Marine Reserve of El Hierro island (Canary Islands, Spain, Fig. 1.1), a
submarine volcanic eruption took place 1.8 km south of La Restinga village in Oc-
tober 2011. During the next 6 months, extreme physical-chemical perturbations
were caused by this event, comprising of thermal changes, water acidification, de-
oxygenation and metal-enrichment, which resulted in significant alterations of the
marine ecosystem (Fraile-Nuez et al. [2012], Santana-Casiano et al. [2013]). After
March 2012, once the eruptive phase was finished, the submarine volcano, named
Tagoro, became a hydrothermal vent system with an active degasification phase
involving the release of heat, gases and metals. Nowadays this system still pro-
duces significant physical-chemical anomalies in the surrounding waters, like the
discharge of CO2 which greatly increases global CO2 flux and increases the acid-
ity of the seawater above the volcano by about 20% (Santana-Casiano et al. [2016],
Fraile-Nuez et al. [2016]). The fluids emitted by these kind of vents, are known
to contain high concentrations of metals (Schmidt et al. [2011]) and attribute to an
elevated metal content (Sander and Koschinsky [2011]).
First level organisms, like phytoplankton, passively adsorb and actively as-
similate metals, introducing them into the marine food chain (Gonza´lez-Da´vila
[1995], Jakimska et al. [2011]). The adsorbed metals, like Pb and Cd, are not used
by the organism and can be toxic, inhibiting growth, even at low concentrations
(Sunda [1989]). Other metals assimilated by the organisms are essential micronu-
trients and are used in different enzymatic reactions. These include Cu, Zn, Fe,
Cr and Co (Whitfield [2001]), but at certain concentration levels these metals may
also become toxic to the organisms living in the seawater (Jakimska et al. [2011],
Goswami et al. [2014]). The effect of biomagnification, which increases the con-
centration per step in the food chain, can eventually create a risk to human health at
the end of the chain (Chen et al. [2000], Jrup [2003], Rubio-Franchini et al. [2008],
Arnot et al. [2010]).
Several studies have been carried out in order to study the influence and ac-
cumulation of metals on plankton. These metals were often introduced by an-
thropogenic sources and most of these studies examined freshwater (Bru¨gmann
and Hennings [1994], Chen et al. [2000], Rejomon and JOSEPH [2008], Rossi
and Jamet [2008], [Atici et al., 2010],Bahnasawy et al. [2011], Hammerschmidt
et al. [2013], Battuello et al. [2016]). Leoni and Garibaldi [2009] looked at the
influence of high metal concentrations on plankton in a volcanic lake, concluding
that the metals interfere with the prey-predator system in the plankton commu-
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nity. Khristoforova et al. [2015], with the study of the salmon, found a relation
between elevated concentrations of metals in the food chain and volcanic activity.
Elevated metal concentrations in plankton due to a submarine volcano were found
in Antarctica in an area well protected from the open ocean (Deheyn et al. [2005]).
Nevertheless, studies on active submarine volcanoes are sparse.
The present study investigates, for the first time, the accumulation and influence
of metals on an open ocean plankton community affected by a very young active
shallow submarine volcano in a degasification phase. In this research, the con-
centrations of twenty different metals were quantified in plankton and in seawater
samples collected during four different cruises from 2013-2016. With these con-
centrations can be determined whether the volcano Tagoro emitted metals in any
significant proportion and if the plankton in the area and above the volcano ac-
cumulate these metals. By comparing these possibly elevated concentrations with
each other and to previous studies, the potential impact on the environment can be
assessed.
1.2 Research area
The submarine volcano Tagoro is located 1.8 km South of La Restinga village on
the island El Hierro (Fig. 1.1)(27◦37.221’ N and 17◦59.605’ W). El Hierro is the
youngest island of the Canary Archipelago (1.12 million years old), which was cre-
ated by the movement of the African continental plate from west to east over a hot
spot (Guillou et al. [1996], Carracedo et al. [2002], Zaczek et al. [2015]). In Octo-
ber 2011 the submarine eruption started and the evolution of the volcano has been
monitored since by at least two cruises each year performed within the framework
of the Vulcano and Vulcana projects lead by the Spanish Institute of Oceanography.
As mentioned before, the eruption caused extreme physical-chemical perturbations
to the seawater (Fraile-Nuez et al. [2012], Santana-Casiano et al. [2013]), which
spread over the entire area and can be seen in the satellite pictures shown in figure
1.2.
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Figure 1.1: a) Canary Archipelago and West-Africa. The black rectangle localizes the
island of El Hierro, where the submarine volcano Tagoro is located. b) El Hierro with
reference station 1 and the location of the volcano Tagoro. c) Subgrid to show the detail of
the research above the volcano. Distances between stations are roughly 40-120 m. Station
56 is located over the main crater.
(a) 26 October 2011 by RapidEye.
(b) 1 April 2012. NASA Earth Observatory
image by Jesse Allen and Robert Simmon, us-
ing EO-1 ALI data.
Figure 1.2: Satellite images of two different moments during the eruption of the volcano
Tagoro. The location of the volcano is given in figure 1.1.
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The volcano Tagoro is 312 m high compared to the situation before the eruption
with the main cone at a depth of 88 m from the surface (Fraile-Nuez et al. [2015]).
It grew in a pre-existing valley in the western flank of the southern ridge of El
Hierro. Several secondary cones follow the main direction of this ridge South-East
of the main cone (Fig. 1.3a, Fig. 1.3b). This ridge is one of El Hierros volcanic
rift zones defined by fissuring, faulting, and aligned eruptive centers. The fissural
type of eruption of the volcano Tagoro corresponds well with this definition of the
area (Carracedo [1994], Rivera et al. [2014]). The main flow of lava was through
a submarine valley West-South-West of the volcano, which directed the lava flow
toward an archipelagic apron at depths over 1000 m. During the eruptive phase,
when the volcano was growing, the structure collapsed twice (Rivera et al. [2013]).
(a) Morphology of the volcano (Fraile-Nuez
et al. [2015]).
(b) View of the volcano in 3d with the main
cone and smaller secondary cones ( Fraile-
Nuez et al. [2015]).
Figure 1.3: Structure of the volcano Tagoro South of the island El Hierro, as shown in
figure 1.1.
The seawater and plankton around the volcano Tagoro are being transported
laterally by two types of currents, a large scale ocean current and local varying
wind-driven currents. The metal concentration in the seawater is less affected than
the plankton by these currents, as the metals are emitted by hydrothermal vents on
the oceanfloor, whilst the plankton live near the surface, where conditions are most
favourable.
The oceanic dynamic of the area is characterized by the presence of the Ca-
nary Current with a predominant flow to the South-west. North Atlantic Cen-
tral Water, which is characterized by a straight line in temperature(θ)/salinity(S)
from 0-700 m depth, flows southward in the upper levels with a mean mass trans-
port of −2.2 ± 0.90 Sv. The intermediate level waters are characterized by sea-
sonal flow reversals with a northward progression of Antarctic Intermediate Water
from July to October followed by an intense flow reversal of Mediterranean Water
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in November and December (Herna´ndez-Guerra et al. [2002], Herna´ndez-Guerra
et al. [2003], Herna´ndez-Guerra et al. [2005], Fraile-Nuez and Herna´ndez-Guerra
[2006], Machı´n and Pelegrı´ [2006], Machı´n et al. [2006], Fraile-Nuez et al. [2010],
Machı´n et al. [2010], Pastor et al. [2015]). The area is dominated by the trade
winds from the North-east, producing areas of low wind intensity in the South of
the islands. In March 2013 the area had an anomalous wind pattern with wind
coming primarily from the West. Figures 1.4, 1.5, 1.6 and 1.7 show the wind di-
rections and velocities as calculated by the SIMAR model during the months of the
monitoring cruises in three different locations around the volcano Tagoro.
Figure 1.4: Windroses containing the wind direction and velocity for March 2013 in three
locations around the volcano Tagoro South of the island El Hierro, as shown in figure 1.1.
The values were calculated by the SIMAR model and generated by Puertos del Estado of
the Spanish government.
6
Figure 1.5: Windroses containing the wind direction and velocity for October 2013 in three
locations around the volcano Tagoro South of the island El Hierro, as shown in figure 1.1.
The values were calculated by the SIMAR model and generated by Puertos del Estado of
the Spanish government.
Figure 1.6: Windroses containing the wind direction and velocity for March 2014 in three
locations around the volcano Tagoro South of the island El Hierro, as shown in figure 1.1.
The values were calculated by the SIMAR model and generated by Puertos del Estado of
the Spanish government.
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Figure 1.7: Windroses containing the wind direction and velocity for March 2016 in three
locations around the volcano Tagoro South of the island El Hierro, as shown in figure 1.1.
The values were calculated by the SIMAR model and generated by Puertos del Estado of
the Spanish government.
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Chapter 2
Data and Methods
In order to quantify the metal content, samples of seawater and plankton were col-
lected during four monitoring cruises of which the author participated in the most
recent (Table 2.1). The samples, both seawater and plankton, were first prepared
in the laboratory, so that the metal concentrations could be measured with a spec-
trometer, after which the obtained values could be processed.
Table 2.1: Dates of the monitoring cruises during which seawater and plankton samples
were collected around the volcano Tagoro South of the island El Hierro, as shown in figure
1.1.
Project Cruise Start date End date
(dd-mm-yyyy) (dd-mm-yyyy)
Vulcano Vulcano0313 20-03-2013 04-04-2013
Vulcano1013 26-10-2013 10-11-2013
Vulcano0314 08-03-2014 23-03-2014
Vulcana Vulcana0316 07-03-2016 17-03-2016
2.1 Seawater sampling
The locations of the hydrothermal vents emitting the metals were found by carry-
ing out several tow-yos during the Vulcano and Vulcana projects using a Seabird
911 + CTD with pH sensor (Santana-Casiano et al. [2016], Fraile-Nuez et al.
[2016]). With the CTD (Conductivity, Temperature and Depth device) the tem-
perature, salinity, oxygen content and chlorophyll-a content in the seawater were
measured.
Water samples were obtained using a rosette of 24 10-liter Niskin bottles. No
duplicate samples could be taken. During the four different cruises a total of 208
seawater samples were taken at several depths in the water column in order to
measure the metal content. During these cruises, 34, 50, 48 and 50 water samples
from 5, 8, 11 and 13 stations were collected, respectively (Tab. 2.2). For every
cruise at least one station outside of the volcanic area was sampled as a reference
station (Fig. 2.1, 2.2, 2.3 and 2.4).
In order to preserve the state of the metals and reduce the contamination of the
water samples, Patterson and Settle [1976] methodology was followed. Moreover,
sterilized bags were put around the bottles and exposure time of the water sample
to airborne particles was minimized in order to reduce possible contamination.
The rosette may produce a metal contamination of the water samples. In order to
quantify this possible contamination, Go-Flo bottles, which are completely metal
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free, were used during the first cruise of the Vulcano project (Vulcano0313) at
several stations and depths and these samples were compared to the samples taken
with the rosette. Water samples were acidified with a few drops of 65% HNO3 in
a total volume bottle of 2 litres.
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Figure 2.1: Locations of the stations where seawater samples were taken during the Vul-
cano0313 cruise in order to measure the metal content.
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Table 2.2: Station locations, depths and sampling dates of the monitoring cruises (Tab.
2.1), where seawater samples were taken in order to measure the metal content.
Cruise Station Date Latitude Longitude Depth
(dd-mm-yy hh:mm) (◦) (◦) (m)
Vulcano0313 2 27-03-13 10:11 27.7686 -17.8382 1394
43 5-04-13 14:52 27.9200 -17.9370 1827
50 29-03-13 8:06 27.6158 -17.9908 324
56 29-03-13 18:22 27.6204 -17.9933 90
61 2-04-13 7:30 27.7682 -18.2074 1247
Vulcano1013 13 2-11-13 18:06 27.5700 -17.9870 1039
50 3-11-13 7:13 27.6157 -17.9907 291
51 3-11-13 8:51 27.6168 -17.9914 241
52 3-11-13 10:16 27.6177 -17.9921 205
53 3-11-13 11:49 27.6185 -17.9920 187
54 3-11-13 12:56 27.6188 -17.9927 154
55 3-11-13 20:30 27.6194 -17.9931 120
56 3-11-13 15:25 27.6204 -17.9934 93
Vulcano0314 13 12-03-14 10:45 27.5698 -17.9872 1039
50 17-03-14 8:04 27.6156 -17.9907 299
51 17-03-14 9:22 27.6168 -17.9913 237
52 17-03-14 10:16 27.6177 -17.9920 202
53 17-03-14 11:16 27.6185 -17.9921 183
54 17-03-14 12:14 27.6188 -17.9927 154
55 17-03-14 13:02 27.6193 -17.9930 122
56 17-03-14 13:45 27.6203 -17.9933 93
58 17-03-14 14:28 27.6217 -17.9932 175
59 17-03-14 15:22 27.6222 -17.9930 166
61 17-03-14 19:30 27.6196 -17.9932 117
Vulcana0316 1 10-03-16 9:09 27.6349 -18.1004 1200
50 10-03-16 11:40 27.6157 -17.9907 346
52 10-03-16 13:17 27.6177 -17.9921 216
53 11-03-16 14:31 27.6185 -17.9920 206
54 11-03-16 15:47 27.6188 -17.9927 156
55 11-03-16 16:47 27.6193 -17.9930 126
56 11-03-16 21:02 27.6203 -17.9933 96
58 11-03-16 22:38 27.6217 -17.9932 176
65 11-03-16 18:16 27.6196 -17.9929 136
TY01∗ 12-03-16 10:26 27.6202 -17.9934 289
TY11∗ 12-03-16 19:11 27.6201 -17.9930 134
TY12∗ 12-03-16 19:57 27.6200 -17.9931 134
TY37∗1 15-03-16 17:17 27.6199 -17.9931 136
∗ Samples taken during Tow-Yos. The Niskin bottle was closed when the pH sensor showed high
anomalies, compared to the values outside of the volcanically active area,
1 Sample taken from a horizontally placed Niskin bottle at the bottom of the rosette to get closer to
the ocean floor.
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(b) Subgrid with the stations around the vol-
cano Tagoro.
Figure 2.2: Locations of the stations where seawater samples were taken during the Vul-
cano1013 cruise in order to measure the metal content.
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(a) Reference station near the island El Hi-
erro, Canary Islands.
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(b) Subgrid with the stations around the vol-
cano Tagoro.
Figure 2.3: Locations of the stations where seawater samples were taken during the Vul-
cano0314 cruise in order to measure the metal content.
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Figure 2.4: Locations of the stations where seawater samples were taken during the Vul-
cana0316 cruise in order to measure the metal content.
At the laboratory, empty porcelain sample cups were sterilized at 800 ◦C for
2 hours using a muffle oven. Volumes of 50 mL seawater sample were added to
the cups which were placed in an oven at 60 ◦C for 48 hours. The dried samples,
consisting of salt, were then acidified with a few drops of 65% HNO3 after which
they were placed on a hotplate to evaporate the acid. In order to break apart any
organic matter, the samples were incinerated at 450 ◦C for 24 h using a muffle
oven. The calcined samples were then prepared for measuring the metal content
with the spectrometer by diluting them using 50 mL 1.5% HNO3 (Sec. 2.3).
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2.2 Plankton sampling
Plankton was sampled vertically using a WP2 net with a diameter of 57 cm and a
mesh size of 200 µm (UNESCO [1968]). The net was towed to the surface from
a depth of 200 m or the bottom if it was more shallow. A total of 81 plankton
samples were taken from three different cruises (Vulcano0313, Vulcano1013 and
Vulcana0316) to measure the biomass and the metal content (Tab. 2.3 and 2.4).
During these cruises samples were collected from 45, 23 and 13 different stations,
respectively (Fig. 2.5, 2.6 and 2.7). The plankton were frozen directly after being
sampled.
At the laboratory the plankton samples were analysed after being unfrozen.
Filter paper was used to drain the water from the plankton samples, which were
then added to porcelain sample cups, which had been sterilized at 800 ◦C for 2
hours using a muffle oven. After drying the samples at 70 ◦C for 24 h, the dry
weight (mdry) of the plankton was obtained using a scale with a precision of 1 mg.
The samples were then acidified with a few drops of 65% HNO3 and placed on
a hotplate to evaporate the nitric acid. In order to break apart the organic matter,
the samples were incinerated at 450 ◦C for 24 h using a muffle oven. This process
of acidification and incineration was repeated until all organic matter was broken
down. The samples were then prepared for measuring the metal content with the
spectrometer by diluting them using 25 mL 1.5% HNO3 (Sec. 2.3).
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Figure 2.5: Locations of the stations where plankton samples were taken during the Vul-
cano0313 cruise in order to measure the metal content.
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Table 2.3: Station locations, net depths and sampling dates of the monitoring cruise Vul-
cano0313 (Tab. 2.1), where plankton samples were taken in order to measure the metal
content.
Cruise Station Date Latitude Longitude Depth WP2
(dd-mm-yy hh:mm) (◦) (◦) (m)
Vulcano0313 1 27-03-13 15:23 27.7700 -17.8871 200
2 27-03-13 10:11 27.7695 -17.8370 200
3 27-03-13 12:48 27.7316 -17.8563 200
4 27-03-13 17:39 27.7328 -17.9063 200
5 27-03-13 20:35 27.7110 -17.9366 200
6 27-03-13 22:09 27.6700 -17.9368 200
7 28-03-13 8:13 27.6870 -17.8866 200
8 28-03-13 10:51 27.6195 -17.9370 200
9 28-03-13 13:05 27.5701 -17.9366 200
10 28-03-13 15:21 27.5355 -17.9518 200
11 28-03-13 17:13 27.4698 -17.9870 200
12 28-03-13 19:32 27.5198 -17.9873 200
13 28-03-13 21:25 27.5698 -17.9871 200
14 30-03-13 11:26 27.6200 -17.9868 200
15 30-03-13 12:44 27.6698 -18.0370 200
16 31-03-13 7:11 27.6198 -18.0368 200
17 30-03-13 14:24 27.5698 -18.0370 200
18 31-03-13 13:54 27.6433 -18.0595 200
19 31-03-13 15:53 27.6198 -18.0868 200
20 31-03-13 18:27 27.6803 -18.0870 200
21 31-03-13 19:51 27.6546 -18.1025 200
22 1-04-13 7:09 27.6480 -18.1370 200
23 1-04-13 9:25 27.6848 -18.1368 200
24 1-04-13 11:58 27.6911 -18.1786 200
25 1-04-13 13:50 27.7175 -18.2046 200
26 1-04-13 16:20 27.7366 -18.1753 200
27 1-04-13 18:04 27.7645 -18.1800 200
28 1-04-13 20:28 27.7505 -18.2025 200
29 2-04-13 9:00 27.7925 -18.1925 200
30 2-04-13 11:00 27.7980 -18.1730 200
31 2-04-13 16:06 27.8200 -18.1368 200
32 2-04-13 18:53 27.7795 -18.1525 200
33 2-04-13 20:32 27.7701 -18.0855 200
34 3-04-13 7:50 27.7925 -18.0866 200
50 29-03-13 8:06 27.6156 -17.9906 200
51 29-03-13 10:20 27.6168 -17.9913 200
52 29-03-13 11:42 27.6176 -17.9920 180
53 29-03-13 13:30 27.6185 -17.9920 160
54 29-03-13 15:38 27.6188 -17.9926 130
55 29-03-13 17:27 27.6193 -17.9930 100
56 29-03-13 18:22 27.6203 -17.9933 80
57 29-03-13 19:30 27.6203 -17.9940 100
58 30-03-13 8:45 27.6216 -17.9931 200
59 30-03-13 10:00 27.6221 -17.9930 150
61 2-04-13 7:30 27.7681 -18.2073 200
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Table 2.4: Station locations, net depths and sampling dates of the monitoring cruises Vul-
cano1013 and Vulcana0316 (Tab. 2.1), where plankton samples were taken in order to
measure the metal content.
Cruise Station Date Latitude Longitude Depth WP2
(dd-mm-yy hh:mm) (◦) (◦) (m)
Vulcano1013 8 7-11-13 10:05 27.7700 -17.8871 200
9 7-11-13 11:38 27.7695 -17.8370 200
10 7-11-13 13:39 27.7316 -17.8563 200
13 2-11-13 18:06 27.7328 -17.9063 200
14 2-11-13 20:20 27.7110 -17.9366 200
14b 2-11-13 20:55 27.6700 -17.9368 200
15 2-11-13 12:23 27.6870 -17.8866 200
16 2-11-13 13:36 27.6195 -17.9370 200
17 2-11-13 15:36 27.5701 -17.9366 200
18 2-11-13 9:36 27.5355 -17.9518 200
19 2-11-13 7:03 27.4698 -17.9870 200
20 1-11-13 22:05 27.5198 -17.9873 200
21 1-11-13 19:11 27.5698 -17.9871 200
22 1-11-13 16:28 27.6200 -17.9868 200
23 1-11-13 12:30 27.6698 -18.0370 200
50 3-11-13 7:13 27.6157 -17.9907 200
51 3-11-13 8:51 27.6168 -17.9914 200
52 3-11-13 10:16 27.6177 -17.9921 175
53 3-11-13 11:49 27.6185 -17.9920 170
54 3-11-13 12:56 27.6188 -17.9927 145
55 3-11-13 20:30 27.6194 -17.9931 120
56 3-11-13 15:25 27.6204 -17.9934 85
58 3-11-13 16:37 27.6217 -17.9932 165
Vulcana0316 1 10-03-16 10:30 27.6349 -18.1004 200
50 10-03-16 12:02 27.6157 -17.9907 200
51 11-03-16 13:56 27.6169 -17.9913 200
52 10-03-16 13:53 27.6177 -17.9921 200
53 11-03-16 14:59 27.6185 -17.9920 200
54 11-03-16 16:16 27.6188 -17.9927 170
55 11-03-16 17:13 27.6193 -17.9930 145
56 11-03-16 0:00 27.6203 -17.9933 90
57 11-03-16 22:02 27.6210 -17.9933 129
58 11-03-16 23:03 27.6217 -17.9932 170
59 11-03-16 23:48 27.6222 -17.9930 170
61 11-03-16 17:57 27.6195 -17.9932 118
65 11-03-16 18:36 27.6197 -17.9930 128
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Figure 2.6: Locations of the stations where plankton samples were taken during the Vul-
cano1013 cruise in order to measure the metal content.
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Figure 2.7: Locations of the stations where plankton samples were taken during the Vul-
cana0316 cruise in order to measure the metal content.
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2.3 Spectrometry
Metal content of both the seawater and plankton samples was analysed using In-
ductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), which is an
approved method for the quantification of metals Lee and Cunniff [1995]. The
Thermo Scientific iCAP 6000 series spectrometer of the Public Health Lab was
used to do this (Santa Cruz de Tenerife, Spain). The programmed conditions of
ICP-OES for metal determination were as follows: gas flow (nebulization gas flow,
auxiliary gas flow) 0.5 l/min, approximate RF power 1200 W, stabilization time 0
s, samples injection pump flow 50 rpm (stabilization flow, analysis flow).
Instrumental detection and quantification limits were estimated based on the
response of the equipment. The limits were determined by analysing 15 blanks
in conditions of reproducibility (Currie [1995]). Instrumental detection and quan-
tification limits are shown in table 2.5 with the wavelengths at which they were
determined.
Results below the detection limit of the spectrometer were changed to no avail-
able number (NaN) for further calculation. Na concentration was recalculated with
a conversion factor of 10 for the seawater samples, as the concentrations were too
high for the calibration curve of the spectrometer.
Table 2.5: Instrumental detection and quantification limits of the spectrometer used to
measure the metal content in the seawater and plankton.
Metal wavelength Detection limit Quantification limit
(nm) (mg/l) (mg/l)
Al 167.0 nm 0.004 0.012
B 249.7 nm 0.003 0.012
Ba 455.4 nm 0.001 0.005
Ca 317.9 nm 0.58 1.955
Cd 226.5 nm 0.0003 0.001
Co 228.6 nm 0.0006 0.002
Cr 267.7 nm 0.003 0.008
Cu 327.3 nm 0.004 0.012
Fe 259.9 nm 0.003 0.009
K 769.9 nm 0.565 1.884
Li 670.8 nm 0.005 0.013
Mg 279.1 nm 0.583 1.943
Mn 257.6 nm 0.002 0.008
Mo 202.0 nm 0.0007 0.002
Na 589.6 nm 1.097 3.655
Ni 231.6 nm 0.0007 0.003
Pb 220.3 nm 0.0003 0.001
Sr 407.7 nm 0.0007 0.003
V 310.2 nm 0.001 0.005
Zn 206.2 nm 0.002 0.007
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2.4 Bathymetry
Two datasets of bathymetry, submarine topography, data were used to create the
maps: Topo15.1 created by Smith and Sandwell [1997] to create the overview of
the island (Fig. 1.1a,b) and a multi-beam bathymetry dataset obtained during the
Vulcano0314 cruise to create maps of the volcano, which is not presented yet in
the global database (Fig. 1.1c). The bathymetric data of the monitoring cruise was
acquired using a Konsberg Simrad EM-710 echosounder, which operates at sonar
frequencies in the 70 to 100 kHz range, the data was processed with CARIS HIPS
and SIPS and yields a bathymetric grid resolution of 5 m with 100% coverage
(AMPLIAR).
2.5 Data Analysis
All data was processed and analysed using the software MATLAB (MATLAB
[2013]). Results below the detection limit of the spectrometer and also possible
erroneous results due to contamination were removed by carrying out a quality
control. This control was done by looking at the vertical profiles of the metal
concentrations and values completely out of line with the the surrounding concen-
trations (extreme values) were considered erroneous. The latter could however not
be checked statistically as no duplicate samples could be taken. For the reference
stations the shapes of the vertical metal concentrations profiles were also compared
to previous studies (Bruland [1980], Bruland and Franks [1983], Pohl et al. [1993],
Bruland et al. [1994], de Villiers and Nelson [1999], Morel and Price [2003] and
Pohl et al. [2011]). The data was interpolated using linear interpolation.
2.5.1 Conservative metal concentrations
The Marcet equation was used to calculate concentrations of several metals (Sr, Ca,
K, Mg and Na) for conservative seawater to compare with the obtained concentra-
tions of the seawater samples (Eq. 2.1 and 2.2, F.I. Millero, Chemical Oceanogra-
phy, 2013):
Cl =
Sal
1.80655
(2.1)
Mn = Cl · (n/Cl)standard (2.2)
where Cl = is the concentration of Chloride in g/kg
Sal = Salinity, measured with the CTD
Mn = concentration of metal n in g/kg
(n/Cl)standard = is the weight percentage of metal n compared to Chloride for
standard seawater. Values used are 0.556614 for Na+, 0.06626 for Mg2+, 0.02127
for Ca2+, 0.0206 for K+ and 0.00041 for Sr2+.
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2.5.2 Biomass
The biomass, dry weight, of the plankton was divided by the volume that passed
through the WP2 net. But because most of the plankton lives in the upper 100 m
of the ocean, where the conditions for growth are most favourable, the biomass of
the plankton in mg/m3 was normalized for the depth (Eq. 2.3, Stemmann et al.
[2007], Gaard et al. [2008] and Palomares-Garcı´a et al. [2013]). In this way, any
differences in biomass concentration caused by differences in the depth of sampling
were taken away.
mdry(mg/m
2) = mdry(mg/m
3) · depth(m) (2.3)
2.5.3 Bioconcentration factors
For each metal element bioconcentration factors (BCFs) were calculated. This
was done by dividing the metal concentration in the dried plankton by the metal
concentration in the surrounding seawater (Eq. 2.4). The BCF is a ratio to show
how much of a substance is accumulated by an organism living in the medium
containing the substance.
BCF (L/kg) =
Concentrationplankton(mg/kgdry)
Concentrationseawater(mg/L)
(2.4)
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Chapter 3
Results and Discussion
To investigate whether the volcano influenced the metal concentrations in the sea-
water and the amount of metals accumulated by the plankton, the arithmetic means
were calculated of the concentrations at the reference stations and of all stations
around the volcano. The many stations around the volcano allowed for the calcula-
tion of standard deviations, which made it possible to determine which values were
significantly different around the volcano compared to the reference stations.
3.1 Seawater
Appendix A presents the results of the seawater analysis in tables A.1, A.2, A.3
and A.4 for cruises Vulcano0313, Vulcano1013, Vulcano0314 and Vulcana0316,
respectively. First the two different methods for seawater sampling are compared,
after which the metal content in the seawater samples is discussed.
3.1.1 Method comparison
To determine if a rosette with Niskin bottles is an appropriate method to obtain
seawater samples for the measurement of metal concentrations, a comparison be-
tween the two different methodologies, Go-Flo and rosette, is shown in figure 3.1.
It shows a strong relation with a significance level (α) of 0.02 resulting in a co-
efficient of determination (R2) of 0.999 when using all the comparable elements
and 0.989 when zooming in on the elements with the lowest concentrations. This
means that for this study water samples obtained by the rosette (tables A.1, A.2,
A.3 and A.4) can be considered as reliable as the metal-free Go-Flo water samples.
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slope=0.91
slope=1.51
Figure 3.1: Comparison between mean concentrations of each metal element for the
samples obtained with the Go-Flo (metal-free bottle) and rosette methods at station 61
(Fig.2.1a at Vulcano0313).
3.1.2 Seawater metal content
The mean concentrations of each metal element at all reference stations in the sea-
water column up to 200 m depth are shown in figure 3.2a with Vulcano0313 being
represented by an average of the three reference stations sampled (st. 2, 43 and 61
fig. 2.1a). An average of all reference stations sampled in March (Vulcano0313,
Vulcano0314 and Vulcana0316) was calculated, as most values lie within the stan-
dard deviation. The elements are ordered with increasing concentration for the
March average. The concentrations in the samples of October (Vulcano1013) were
significantly lower than in March for the following elements: Cr, Pb, Ni, Mo, Cu,
Li, B and Mg. Ba and Ca however, showed a significantly higher concentration. Al-
though previous studies also showed seasonal variation in metal concentrations in
water (Rossi and Jamet [2008], Atici et al. [2008],Atici et al. [2010] and Goswami
et al. [2014]), in this work, seasonality has not been studied further.
Table 3.1 presents the averages up to 200 m depth for temperature, salinity and
oxygen content obtained with the CTD during the Vulcano and Vulcana projects.
The water column was divided into the mixing layer and the deep layer. The oxy-
gen content did not change significantly over the years, but did show seasonal
variability. The salinity values were used to calculate the conservative ocean con-
centrations of Sr, Ca, K, Mg and Na with the Marcet equation (Fig. 3.2a). The
average March concentration of the reference stations showed a perfect fit for Na
with the conservative ocean concentration, but a reduced concentration for Sr, Ca
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and Mg, while K had a higher concentration. This indicates that the conditions in
the research area at the time of research could not be considered normal.
Table 3.1: Average values with standard deviation around the volcano Tagoro of the tem-
perature, salinity and oxygen content for the Mixing Layer, Deep Layer and the entire
water column up to 200 m depth, as measured using a CTD.
Cruise Depth layer∗ Temperature Salinity Oxygen
(m) (◦C) (-) (mg/L)
Vulcano0313 ML 0-58 19.91±0.27 36.89±0.02 5.10±0.02
Deep 58-200 18.58±0.66 36.72±0.11 4.84±0.14
0-200 19.02±0.86 36.78±0.12 4.92±0.17
Vulcano1013 ML 0-50 23.06±0.31 36.97±0.02 4.71±0.03
Deep 50-200 19.16±1.41 36.69±0.13 4.60±0.16
0-200 20.22±2.12 36.76±0.16 4.63±0.15
Vulcano0314 ML 0-80 18.91±0.08 36.86±0.02 5.04±0.02
Deep 80-200 18.06±0.43 36.68±0.09 4.79±0.13
0-200 18.42±0.55 36.75±0.12 4.90±0.17
Vulcana0316 ML 0-80 19.70±0.11 36.86±0.01 5.14±0.02
Deep 80-200 18.69±0.63 36.71±0.10 4.98±0.11
0-200 19.14±0.71 36.77±0.11 5.05±0.12
∗ Layers were defined using temperature depth profiles.
Figures 3.2b, c and d show the mean concentrations of each metal element in
the seawater column up to 200 m depth at all stations around the volcano (Stations
in the subgrid figures 2.2b, 2.3b, 2.4b). Also the reference stations are plotted,
which showed significant anomalies in the concentrations around the volcano as
presented in table 3.2. Cruise Vulcano0314 shows the largest anomalies for most
elements and metal concentrations seem to have decreased over the years following
the eruption, suggesting that the volcano is emitting less metals. The elements
are ordered with increasing concentration for the March average of the reference
stations. For the cruises Vulcano0314 and Vulcana0316 the volcano Tagoro emitted
relatively more Mn, Cr, Pb and Ba (Ba only for Vulcana0316) into the ocean than
other elements, as the order of increasing concentration of the elements is different
around the volcano than at the reference stations.
Generally the closer the rosette got to the hydrothermal vents of the submarine
volcano, the higher the metal concentration in the sampled seawater. This means
that the anomalies could be higher at some stations and cruises, only because the
samples were taken closer to the source and not because more metals were emitted
and thus the average metal concentration of the first 200 m water column above the
volcano was used.
23
a
b
c
d
Figure
3.2:
a)
The
m
ean
concentrations
of
each
m
etal
elem
entin
the
seaw
ater
colum
n
up
to
200
m
depth
at
allreference
stations
thatare
show
n
in
figures
2.1a,2.2a,2.3a
and
2.4a.
C
onservative
ocean
concentrations
calculated
w
ith
the
M
arcetequation
are
presented
on
the
right.
b)c)d)
The
m
ean
concentrations
w
ith
the
standard
deviations
ofeach
m
etalelem
entin
the
seaw
ater
colum
n
up
to
200
m
depth
atallstations
around
the
volcano
Tagoro
and
the
corresponding
reference
stations
for
cruise
Vulcano1013,Vulcano0314
and
Vulcana0316.
Locations
ofallstations
are
presented
in
figures
2.2,2.3
and
2.4.
24
Table 3.2: Significantly different metal concentrations in the seawater around the volcano
Tagoro compared to the reference stations. Values were considered significantly differ-
ent when the metal concentrations at the reference station plotted outside of the standard
deviation of the metal concentrations around the volcano Tagoro (Fig. 3.2).
Vulcano1013 Vulcano0314 Vulcana0316
Element Higher(↑)/Lower(↓) Higher(↑)/Lower(↓) Higher(↑)/Lower(↓)
Cd - - -
Co ↑ - -
Mn - ↑ ↑
Cr - ↑ ↑
Pb ↑ ↑ ↓
Ni ↑ ↑ -
Mo ↑ ↑ ↓
Ba - ↑ ↑
V ↑ ↑ ↑
Zn - ↑ ↑
Fe ↓ ↑ ↑
Cu ↑ ↑ -
Li ↑ - -
B - ↑ ↑
Al ↓ - ↑
Sr - ↓ -
Ca ↓ - ↓
K ↓ - ↓
Mg - - ↓
Na - - ↓
3.2 Plankton
Appendix B presents the results of the plankton analysis in tables B.1, B.2 and B.3
for cruises Vulcano0313, Vulcano1013 and Vulcana0316, respectively. Also the
biomass of the plankton is presented in these tables.
3.2.1 Plankton biomass
Figure 3.3 presents the dry weight of the plankton per m2 of seawater around
the volcano (Stations in the subgrid figures 2.5b,2.6b and 2.7b) compared to the
average of the reference stations and the average of the dry weight obtained by
Herna´ndez-Leo´n and Rodal [1987] in 1985. Cruises Vulcano0313 and Vulcano1013
are combined in one annual average (2013), as the weights were very similar. For
cruise Vulcano0313 reference stations 26-34 were used in order to avoid possible
contamination, as the wind was coming from the West during the period of the
cruise (Fig. 1.4). The same was done for cruise Vulcano1013, where stations 8-
10 and 13-15 were used as reference stations, as the wind was coming from the
North during this period (Fig. 1.5). The mean dry weight of the reference stations
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increased from 798 mg/m2 in 2013 to 4962 mg/m2 in 2016. In 2013 the biomass
was in the lower regions of the biomass levels found in 1985, when looking at the
standard deviation, but significantly smaller than the biomass concentrations ob-
tained in 2016. Around the volcano the biomass shows large variations in 2016,
while in 2013 it remained very constant with the exception of station 59, the sta-
tion closest the the coast. A least squares regression analysis was performed for
the biomass around the volcano, showing an increase in biomass concentration to-
wards the coast of the island El Hierro in the North with 25 and 168 mg/m2 per
100 m for 2013 and 2016, respectively.
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Figure 3.3: The dry weights in mg/m2 of the plankton samples taken at the stations around
the volcano Tagoro in 2013 and 2016. The station numbers are given at the top of the
figure. Also the mean dry weights with standard deviations of the reference stations in
2013, 2016 and of previous research with data collected in 1985 is plotted (Herna´ndez-
Leo´n and Rodal [1987]).
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The chlorophyll-a content, which is a measure for the amount of phytoplank-
ton in the water, increased from March 2013 (Vulcano0313) to March 2014 (Vul-
cano0314) for both the reference stations and the stations around the volcano Tagoro.
However, in March 2016 (Vulcana0316) the chlorophyll-a content decreased com-
pared to March 2014 (Vulcano0314) as can be seen in table 3.3. which presents the
chlorophyll-a content in the surface layer (5-10 m depth) of the reference stations
(stations 26-34 for Vulcano0313, 8-10 13-15 for Vulcano1013, 1-6 Vulcano0314
and 1 for Vulcana0316) and stations around the volcano Tagoro (stations 50-59
for all cruises). From 2013 to 2014 the chlorophyll-a content was higher at the
reference stations than around the volcano, whilst in 2016 this was the other way
around, but not significantly as the value lies within the standard deviation.
Table 3.3: The chlorophyll-a content in µg/L in the surface layer (5-10 m depth) of the
seawater at the reference stations and around the volcano Tagoro, as measured with a
CTD.
Cruise Reference Volcano
Vulcano0313 0.129±0.004 0.091±0.006
Vulcano1013 0.224±0.046 0.172±0.003
Vulcano0314 0.272±0.023 0.193±0.009
Vulcana0316 0.157±0.008 0.163±0.010
The low amount of plankton biomass in 2013 and the significant increase of
biomass in 2016 in the area may be due to the eruptive period. The eruption in-
fluenced the entire area as can be seen in figure 1.2 and created a highly corrosive
environment, which greatly reduced the biomass of the plankton community. How-
ever the volcano also emitted and still emits large amounts of nutrients and Fe(II),
which might have allowed the plankton community to recuperate and even grow in
biomass over the years following the eruption (Fraile-Nuez et al. [2012], Santana-
Casiano et al. [2013]). No high concentration of Fe(II) was measured in the present
study, which may be because Fe(II) oxidizes quickly, but Santana-Casiano et al.
[2016] did find very high values.
The biomass of the phytoplankton grew over the years following the eruption
up to 2014, probably also due to the release by the volcano of these nutrients.
Around the volcano the phytoplankton biomass grew less, which indicates that the
conditions were less favourable than at the reference stations, but this difference
was not found for the biomass of the larger (zoo)plankton. In 2016 the biomass of
the phytoplankton around the volcano was very comparable to the biomass at the
reference station. The overall decrease in phytoplankton biomass in 2016 could
be attributed to the large increase of larger plankton, which include predatory zoo-
plankton that prey on the phytoplankton. All this suggests that the overall plankton
community is close to a new equilibrium.
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3.2.2 Plankton metal content
Figure 3.4 presents the mean concentration of each metal element in the plankton
samples for the reference stations and for the stations around the volcano (Fig. 2.5,
2.6, 2.7). For this figure, the same reference stations as figure 3.3 were used. The
elements are ordered in the same way as the seawater samples, with increasing con-
centration for the March average of the seawater. The metal content in the plankton
around the volcano showed many significantly different values (anomalies) com-
pared to the plankton of the reference stations for all cruises (Table 3.4). Most of
the elements showed the highest concentration in the samples from the cruises in
2013 for both the reference stations and the stations around the volcano. An ex-
ample of the concentration distribution in the area during cruise Vulcano1013 for
one of the anomalous metals, Fe, is given in figure 3.5, showing that the entire area
around the volcano contained elevated Fe concentrations in the plankton. Refer-
ence stations 8-21 without station 19 were used, in order to create a better view of
the anomaly around the volcano and an average of stations 50-58 was used for the
Fe concentration in the plankton above the volcano.
The decrease of the metal concentrations in the plankton from 2013 to 2016,
both around the volcano Tagoro and at the reference stations, is primarily due to
the strong increase in biomass density in the area. Table 3.2, containing the anoma-
lies in metal concentrations of the seawater, showed a decrease in the number of
metals which had a significantly higher concentration in the seawater around the
volcano than at the reference stations over the years. For the metal elements with
the highest concentrations the anomalies in the seawater even became negative.
The metal concentrations in the plankton showed this same pattern with many sig-
nificantly higher concentrations found in March 2013 (Vulcano0313), a few sig-
nificantly higher concentrations found in October 2013 (Vulcano1013) and only
significantly lower concentrations found in March 2016 (Vulcana0316). This de-
crease in concentration can be attributed to the lower anomalies in the seawater and
the relatively higher biomass per cubic meter above the volcano found in 2016.
The Fe concentration in the plankton was very high compared to the other metal
elements around it with almost the same concentration in the seawater. This might
be due to the high concentrations of Fe(II) in the seawater, that was and still is
being emitted by the volcano (Santana-Casiano et al. [2013] and Santana-Casiano
et al. [2016]).
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Table 3.4: Significantly different metal concentrations in the plankton around the volcano
Tagoro compared to the reference stations. Values were considered significantly different
when the metal concentrations in the plankton at the reference station plotted outside of the
standard deviation of the metal concentrations in the plankton around the volcano Tagoro
(Fig. 3.4).
Vulcano0313 Vulcano1013 Vulcana0316
Element Higher(↑)/Lower(↓) Higher(↑)/Lower(↓) Higher(↑)/Lower(↓)
Cd - - ↓
Co ↑ ↑ ↓
Mn ↑ ↑ -
Cr ↑ - ↓
Pb ↑ - -
Ni ↑ - ↓
Mo - - ↓
Ba ↑ - -
V ↑ - -
Zn - - -
Fe ↑ ↑ -
Cu - - -
Li - - -
B ↑ ↑ ↓
Al - ↑ ↓
Sr ↑ - -
Ca ↑ ↑ ↓
K - ↓ ↓
Mg ↑ - ↓
Na - - -
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Figure 3.5: Contour map of the Fe concentration in the plankton samples from cruise
Vulcano1013 obtained in the area around the volcano Tagoro and South-East of the island
El Hierro, Canary Islands. The locations and numbers of the stations where the plankton
samples were taken are also plotted.
Also the concentrations of several metals in plankton obtained by previous
studies are plotted in figure 3.4. Bru¨gmann and Hennings [1994] researched the
accumulation of metals in plankton in the Baltic Sea and took reference samples
of plankton in the North-Eastern Atlantic Ocean. The values obtained at these
reference stations are not affected by volcanic activity or human contamination
and are plotted in figure 3.4. The samples were also taken by towing a WP2 net
with a 200 µm mesh size, but from 100 m depth to the surface (instead of 200 m
in the present study). The values of the metal concentrations in the plankton found
at the reference station in the present study during the Vulcana0316 monitoring
cruise in 2016 were very comparable to, although slightly lower, the values found
by Bru¨gmann and Hennings [1994], except for the metals Cr and Al, which were
found in higher concentrations. This indicates that in 2013 in the entire area South
of the island El Hierro the plankton contained high metal concentrations (above the
volcano Tagoro even higher) and that the plankton living in the area in 2016 were
close to an unaffected situation concerning metal concentrations for an Atlantic
Ocean plankton community, although this unaffected area is located in the North
Atlantic.
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Data from two studies was added to figure 3.4 to present differences in metal
concentrations in plankton between polluted and unpolluted areas. Rossi and Jamet
[2008] measured the concentration of several metal elements in plankton living in
the Mediterranean sea. The samples were taken at two bays with a 90 µm mesh
size net and showed concentrations which are similar to the concentrations found
in plankton at the reference stations in 2013, but higher than 2016, except for
Cd. There was a considerable environmental impact on the little bay through raw
sewage and inputs from maritime traffic, while the large bay was less affected. Re-
jomon and JOSEPH [2008] studied the accumulation of metals in plankton in the
Bay of Bengal. A 300 µm mesh size net was used to obtain the plankton samples,
which contained similar and higher concentrations of metals as found at the ref-
erence stations in 2013. Anthropogenic metal contaminated rivers open into the
coastal waters of the research area.
The differences in metal concentrations in the plankton between the polluted
and unpolluted areas (figure 3.4a) were very similar to the differences found in
the present study between the plankton living above the volcano Tagoro and at
the reference stations in 2013 (figure 3.4b,c). The differences in location and in
mesh size contribute to the differences in concentrations between the studies, as
species of a higher trophic level were caught, which may have biomagnified the
accumulated metals (Jakimska et al. [2011]). This means that the exact values of
the concentrations cannot be compared between the studies.
Goswami et al. [2014] found that at certain concentrations metals affect the
genes of the plankton. The highest levels of DNA damage were observed with
high chlorophyll-a, in addition to higher concentrations of Cr, Cu, Ni and Pb in
zooplankton during a period of low seawater pH, salinity and dissolved oxygen.
Comparing the concentrations of these metals in the plankton found by Goswami
et al. [2014] with the concentrations obtained in the present research (Figure 3.4)
indicates that it is most likely that DNA damage has been high in the zooplankton
living in the area near the volcano Tagoro.
The inability to adapt morphologically and behaviourally in order to protect
themselves from predators due to high concentrations of metal in the lake, caused
a large decrease in abundance of Daphnia zooplankton in a volcanic lake (Leoni
and Garibaldi [2009]). The water contained metals in similar concentrations as
found in the present research, except for Fe and Mn, which had approximately
16 and 1400 times higher concentrations, respectively. It is unclear which of the
metals caused this behavioral change specifically, but this effect might also have
occurred in the area of the present research.
The slightly elevated concentrations of Cd and Cr in the plankton in 2013 with
their carcinogenic properties and especially the high concentration of Pb, which
can damage nerve cells and the brain, may have posed a danger to human health at
the end of the food chain(IARC [2012] and Chen [2013]). The larger fish presently
living in the area might still contain this elevated Pb content, as it will have trans-
ferred through the chain from the contaminated plankton. Because of the strong
increase in biomass, the concentration of Pb in the plankton samples of 2016 was
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much lower (even lower than Bru¨gmann and Hennings [1994]), which means in
the future the concentration in the fish will also decrease.
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3.3 Bioconcentration factors
Figure 3.6 shows the BCFs of six metals in the plankton plotted with the corre-
sponding metal concentrations in the seawater using logarithmic scales for cruises
Vulcano1013 and Vulcana0316. Log10-log10 least squares regressions were per-
formed resulting in the lines shown in figure 3.6 with the slopes and coefficients
of determination (R2) displayed as well. The metals with the highest R2s and thus
the best fits were chosen for this figure. The small number of samples keep the R2
rather low, but it shows a decline in the BCFs when the concentration of the metal
in the seawater increases, resulting in the negative slopes. This negative relation-
ship results from an ability to acclimate to elevated exposures and thereby control
metal accumulation (McGeer et al. [2003]). When the slope of the regression line
is greater, the plankton can acclimate better to the metal. Cu has the greatest slope
in this study for both cruises (Vulcano1013 and Vulcana0316) even though it is an
essential element according to Mason and Jenkins [1995] and thus needed by the
organism. This could be due to the plankton using the Cu it needs after which it is
very capable of regulating the accumulation of excess Cu from the seawater.
This confirms the findings of McGeer et al. [2003], who found that BCF data
for Zn, Cd, Cu, Pb, Ni, and Ag were characterized by extreme variability in mean
BCF values and a clear inverse relationship between BCF and aqueous exposure
levels. This indicates that BCF values are inappropriate for hazard assesment.
B
C
F 
(L
/k
g)
Metal concentration in Seawater (mg/L)
slope=-1.48 slope=-1.50 slope=-6.42
slope=-1.05
slope=-1.35
slope=-2.13
slope=-1.15 slope=-3.49
slope=-1.63
slope=-1.34
slope=-1.35
Figure 3.6: Bioconcentration factors of 6 metals for plankton living in seawater around the
volcano Tagoro South of the island El Hierro, Canary Islands, during cruises Vulcano1013
and Vulcana0316. These factors are plotted against the seawater concentration and the
least squares regression lines are shown with corresponding slopes and coefficients of de-
termination (R2).
34
Chapter 4
Conclusions
The present study on the submarine volcano Tagoro indicates that for this area a
Rosette with Niskin bottles is an appropriate method to sample seawater for metal
content analysis.
The metal concentrations in the seawater showed a seasonal variation with pri-
marily lower concentrations in October than in March and a different order of in-
creasing magnitude for the metal elements.
Around the volcano the metal concentrations in the seawater were significantly
higher than at the reference stations, however, the amount of metals emitted seemed
to be decreasing over the years (2013-2014-2016).
Relatively more of the metals Mn, Cr, Ba and Pb were emitted into the ocean
by the volcano than other metals.
The metal concentrations found in the plankton living in the area of influence
showed high values in 2013 compared to metal concentrations in plankton living
in the Atlantic Ocean uninfluenced by volcanic or human activity, but the metal
concentrations also decreased over the years (2013-2016). Around the volcano
Tagoro the metal concentrations found in the plankton were, just like in the sea-
water, significantly higher than at the reference stations, except for 2016, which
showed significantly lower concentrations. The increase in metal concentrations
due to the volcano was comparable to increases in concentrations due to anthro-
pogenic pollution.
The decrease in metal concentrations in the plankton in 2016 is primarily at-
tributed to a large increase in biomass, especially above the volcano Tagoro. The
biomass increased strongly probably due to large amounts of nutrients and Fe(II)
in the seawater, which were emitted during the eruption and are still being emitted
by the volcano. First the biomass of the phytoplankton grew, after which the larger
zooplankton, who prey on phytoplankton, also grew strongly in biomass. The halt
in biomass growth of the phytoplankton indicates that the environment is close to
a new equilibrium.
The bioconcentration factors showed an inverse relationship with the metal
concentrations in the seawater for each metal element, confirming the findings of
McGeer et al. [2003] and indicating that BCF values are inappropriate for hazard
assesment.
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The high concentrations of toxic heavy metals in the plankton most likely dam-
aged the DNA and might have affected the behaviour of the plankton. As the
concentrations have decreased over the years after the eruption, especially in the
plankton, there is no hazard anymore.
The plankton containing high metal concentrations in 2013 did probably trans-
fer the metals further up the food chain, which might still be visible in the larger
fish living in the area right now. But this is not a problem for the future anymore,
as the metal concentrations in the plankton have decreased. This confirms that the
ecosystem, after being strongly damaged and toxicated by metals from the volcano,
was able to recover using the same volcano.
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Future research
Additional monitoring should be done as it is unknown if the biomass will con-
tinue to increase or will decrease again, as the amount of phytoplankton has al-
ready decreased. Will the biomass with this possible decrease return to the level
Herna´ndez-Leo´n and Rodal [1987] found or will, as suggested by the present study,
a new higher equilibrium be found? What would this mean for the concentration
of metals in the plankton?
In order to better establish whether there is any risk for human health, the metal
concentrations should be quantified per step in the food chain. For example by
using three different mesh sizes to separate phytoplankton from zooplankton and
larger predatory species or even separating the plankton per species. By doing this
it will be possible to say if an element gets magnified or diminished in the lower
throphic levels, which will give an indication on how it will be further up in the
chain. By analyzing the metal content in higher organisms in the area, the chain of
metal transfer could be better understood.
For future research the reference stations used for the seawater sampling should
be taken further away from the volcano, completely outside the potential area of
influence and be combined with stations inside the area a´nd stations above the vol-
cano, so that the influence of the volcano on the entire area can be better evaluated.
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Appendix B
Plankton data
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